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Abstract Tribological and mechanical properties of car-
bon-coated sliders and disks manufactured by various
vendors were evaluated using atomic force microscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy,
and nano-indentation testing in the presence of ultrasonic
excitation. The Raman spectra of carbon-coated sliders
were found to differ significantly from the Raman spectra of
carbon-coated disks. The tribological properties of carbon-
coated commercially available sliders did not show sub-
stantial differences regardless of the manufacturer. The
same result was observed for commercially available disks
manufactured by different manufacturers. Dynamic nano-
indentations in the presence of ultrasonic excitation indicate
discontinuities which are correlated to overcoat thickness.
Keywords Carbon overcoat  Raman spectroscopy 
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1 Introduction
Magnetic recording heads and disks are typically protected
by an ultra-thin carbon film on the order of 3 nm or less in
thickness. To achieve a storage density of 1 Tbit/inch2, a
reduction in the magnetic spacing (distance between the
magnetic layer on the disk and the pole piece of the read-
write head) between slider and disk is required [1]. Thus,
assuming a nominal flying height of 3 nm, and a lubricant
thickness of 1 nm, the thickness of the carbon overcoat
must be on the order of 1 nm or less. In addition, the
overall roughness of the disk needs to be reduced to allow
an increase in storage density.
The mechanical properties of thin carbon films can be
studied using nano-indentation and nano-scratch testing.
Tribological performance of carbon films has also been
investigated using scanning probe microscopy (SPM) [2].
In addition, ultrasonically excited nano-indentation testing
can be used to provide an accelerated wear and fatigue test
at a local contact [3].
Raman spectroscopy can be used to probe the structure of
carbon films and reveal information about morphology [4].
Raman spectroscopy can also be used to measure the thick-
ness of carbon films in the range from 10 to 50 nm [5, 6].
In order to obtain satisfactory mechanical performance
of the head-disk interface with films on the thickness of
1 nm, it is imperative to establish a fundamental under-
standing between carbon film structure and performance.
The properties of the interface between the carbon film and
the lubricant film are also of importance for the tribological
performance of the head/disk interface.
This paper investigates the tribological properties of ultra-
thin carbon overcoats currently used in sliders and disks. In
particular, nano-scratch testing was used to characterize the
mechanical properties and wear characteristics of the films.
We also performed dynamic nano-indentation studies in the
presence of ultrasonic excitation to investigate dynamic
properties of presently used carbon overcoats for sliders and
disks. Finally, Raman spectroscopy was used to identify the
ratio of sp2- and sp3-bonds in the carbon films [7].
2 Disk and Sliders Materials
The disks studied were commercially available 3.5 inch
(95 mm) hard disks from different vendors. Typically, the
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magnetic layer is deposited by either sputtering or chemical
vapor deposition onto a nickel phosphorus-plated alumi-
num/magnesium substrate. The sliders used in this inves-
tigation are made by standard etch procedures using
semiconductor manufacturing processes. The material of
all sliders is Al2O3–TiC (alumina titanium carbide).
Both, the disks and sliders are coated with a protective
carbon overcoat. In addition, the disks were dip-coated
with a thin lubricant layer. Sputtering, chemical vapor
deposition and arc-discharge techniques are typical depo-
sition methods for the wear protective carbon overcoat. The
structure of the deposited carbon film is strongly dependent
on the method and conditions employed during film
deposition. The amorphitization stage in the carbon over-
coat is changing from amorphous carbon (a-C) to tetrahe-
dral amorphous carbon (ta-C) depending on the process
conditions used [4]. As a consequence, the mechanical and
tribological properties of the films can change with changes
in the sp2 and sp3 content.
3 AFM Roughness Measurements on Disk and Slider
Surfaces
Atomic force microscopy (Veeco—Dimension 3000) in
close contact mode (dynamic mode) was used to determine
the roughness of a number of commercially available
disks and sliders. The root-mean-square (Rms) roughness
was determined on an area of 10 9 10 lm2. A typical
3-dimensional image of the surface topography of a
carbon-coated disk is shown in Fig. 1.
The hard disks used in this experiment were obtained
from various vendors and were manufactured between
2004 and 2008. Figure 2 shows the Rms roughness for the
various disks, indicating a decrease in Rms roughness from
0.55 nm to 0.15 nm, in the time period from 2004 to 2008.
Disk #1 has the highest Rms roughness and was manu-
factured in 2004, while disk #7 with the lowest Rms
roughness, was manufactured in 2008. Clearly, disks have
become so smooth that the Rms roughness is on the order
of the atomic distance between two carbon atoms.
The Rms roughness for the sliders used in this study was
found to be between 0.3 and 0.5 nm (see Fig. 3).
4 Nano-Indentation and Nano-Scratch Testing
The qualitative characterization of the mechanical proper-
ties of the surface of commercially available sliders and
disks was performed using a 2D-lateral force transducer
(Triboscope, Hysitron, Inc.) in conjunction with a SPM
stage (NanoScope, Digital Instruments). Nano-indenta-
tion and nano-scratch testing was used to determine the
relative hardness and the friction coefficient, respectively.
For both sets of measurements, a cube corner diamond tip
was used and the normal force applied to the surface was
varied between 30 and 70 lN. A triangular force profile
with 20 s loading cycle to the maximum applied force and







Fig. 1 3D topography image of a smooth magnetic hard disk



















Fig. 2 Comparison of RMS roughness of magnetic hard disk surfaces



















Fig. 3 Comparison of RMS roughness of slider surfaces
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Figure 4 shows a 3D SPM image of the nano-indenta-
tion on a hard disk. The contact depth on the disks and
sliders exceeded the thickness of the carbon films, i.e., the
hardness measurements correspond to hardness values of
the underlying substrate rather than the hardness of the thin
carbon film. Figure 5a and b shows the hardness measured
for a number of disks and sliders, respectively. We observe
that the hardness values are between 7 and 8 GPa for the
disks and approximately 10 GPa for the various sliders. For
the same normal force of 70 lN, the depth of the nano-
indentation was approximately 3 nm for the sliders and
approximately 8 nm for the disks. The higher hardness in
the case of the sliders is related to the harder slider sub-
strate material (Al3O2–TiC).
Nano-scratch tests were also performed on conventional
hard disks and sliders. The normal force, lateral force, and
resulting friction coefficients were measured. During the
scratch testing the normal force applied to the cube corner
diamond tip was increased from 0 to 70 lN. During the
scratch test the tip traveled approximately 4 lm in 40 s.
Figure 6 shows a SPM image of a typical nano-scratch test
on a hard disk. Penetration into the surface occurs at loads
above 35 lN, equivalent to a distance of 2 lm along the
scratch. Figure 7a and b shows the friction coefficient from
the nano-scratch measurements at 35, 50, and 70 lN for the
different disks and sliders, respectively. The friction coef-
ficient was found to be a slight function of the load. For a
load of 35 lN, the friction coefficient was approximately
0.17 for the disks investigated, while at a load of 70 lN the
friction coefficient increased to a value between 0.2 and
0.23. As the load increases, the indentation depth during
scratching increases (see Fig. 6).
The friction coefficient for the sliders investigated
(Fig. 7b) was found to be between 0.25 and 0.4. It
increased slightly at loads higher than 35 lN. The increase
in the friction coefficient seems to be related to plastic















































Fig. 5 Hardness measurements
on typical a hard disks and b
sliders using nano-indentation
Fig. 6 SPM image of nano-scratches on a carbon-coated hard disk
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deformation during scratching. Comparing the films on the
sliders with the films on the disks, we observe noticeable
differences. On the other hand, comparing the films on all
sliders with each other, we conclude that their properties
are very similar. The same can be said when comparing the
films on the various disks. Thus, it seems justifiable to
postulate that the films on the disks were manufactured
using a similar process. In addition, the films on the sliders
seem to have been manufactured by the same process in
spite of the fact that they were manufactured by different
vendors.
5 Nano-Indentation in the Presence of Ultrasonic
Excitation
Accelerated wear testing of carbon-coated sliders was
performed using nano-indentation in the presence of
ultrasonic excitation. An ultrasonic piezoelectric transducer
(PZT) was used to generate a sinusoidal displacement in
the direction of the indentation normal to the surface. The
slider was securely glued onto the PZT to perform the tests.
A driving frequency between 101 and 103 kHz was used
with displacement amplitude of 1 to 2 nm. The specific
setup is described in more detail in [3]. The indentation
force was held constant at 30 lN for all measurements.
Figure 8a shows the force–displacement curve for an
indentation measurement on slider #2 without ultrasonic
excitation. The maximum indentation depth was found to
be approximately 4.5 nm and the in situ SPM image in
Fig. 8a did not show any physical evidence of an
indentation.
Figure 8b shows a force–distance curve of a nano-
indentation performed in the presence of ultrasonic exci-
tation. The indentation depth is significantly larger than for
the static measurement at the same normal load of 30 lN.
A clear indentation mark is visible in the SPM image in
Fig. 9. Discontinuities in the force displacement curve are
observed during the loading cycle (see Fig. 8). It is likely
that these discontinuities are related to fatigue of the
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Fig. 7 Friction coefficient measurements of carbon-coated disks (a)
and slides (b) at 35, 50, and 70 lN using nano-scratch tests









































(b)Fig. 8 Nano-indentation awithout ultrasonic excitation
and b in the presence of
ultrasonic excitation, at 35 lN
maximum force
Fig. 9 SPM images of nano-
indentation at 35 lN. (a)
without ultrasonic excitation,
(b) with ultrasonic excitation
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substrate. During cyclic loading, delamination from the
substrate can occur due to fatigue in the substrate-carbon
overcoat interface. This results in discontinuities in the
force displacement curve [3]. Figure 9b shows delamina-
tion or pile up to the left and right (bright half-oval area) of
the indentation. The first discontinuity occurs at an
indentation depth of approximately 2 nm or 3 nm, corre-
sponding to the thickness of the carbon overcoat. We
hypothesize that this is the indentation depth when the tip
initially breaks through the carbon layer. The second dis-
continuity at an indentation depth of about 7 nm is
assumed to correspond to conditions where the carbon
overcoat starts to delaminate.
The results of the indentation depths obtained for the
first and second discontinuities are summarized in Table 1.
6 Raman Spectroscopy
Raman spectroscopy is a technique to study vibrational,
rotational, and other low-frequency modes of atoms and
molecules in material systems. The spectra can give
information about bonding states in the carbon overcoat. In
this study, a Raman spectrometer (Renishaw Raman micro-
spectrometer) was used to investigate the structural
parameters of different carbon overcoats of commercially
available hard disks and sliders. The Raman spectrometer
uses an argon excitation laser (Melles Griot) with a
monochromatic laser light at 514.5 nm wavelength. The
laser light is focused with the aid of an optical microscope
on the specimen. The reflected light is sent through a
spectral grid to a charged coupled device (CCD) line for
detection of the spectra. A schematic of the Raman micro-
spectrometer is shown in Fig. 10.
Figures 11 and 12 show Raman spectra for the disks and
sliders available in this study. From Fig. 11 we observe
that the Raman spectra for the disks evaluated are similar.
Each spectra show well-defined G-band and D-band peaks
at wave numbers of 1560 and 1389 cm-1, respectively.
The I(D)/I(G) ratio is between 0.55 and 0.65. A comparison
of the spectra with data by Robertson [4] suggests that the
carbon is comprised of a high fraction of amorphous car-
bon (a-C) for the measured spectral profiles. The variation
in the overall spectral intensity of the curves for the disks is
caused by both laser beam misalignment and variation in
the thickness of the carbon overcoats [5], [6], [8]. In
addition, the photoluminescence background suggests that
the nitrogen or hydrogen content is on the same order for
all disks measured [9].
The Raman spectra of the sliders available for this study
are shown in Fig. 12. We observe that the G-band is well
Table 1 Indentation depth of first and second discontinuity for the
different sliders
Slider #2 (nm) #3 (nm) #4 (nm) #5 (nm)
1st Discontinuity 2 4 3 2
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Fig. 10 Schematic of the Raman spectrometer






























Fig. 11 Raman spectra of different commercially available disks



























Fig. 12 Raman spectra of different commercially available sliders
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pronounced for each spectrum but that the D-band peak is
absent. This behavior is typical for a film with a tetrahedral
amorphous structure with a high amount of sp3-bonding.
The sp3-bonding increases at wave numbers above
1520 cm-1 [7]. The position of the G-peak for the different
sliders varied between 1522 and 1560 cm-1. An increase in
sp3-bonding, for example, due to an increase in hydrogen or
nitrogen content in the carbon overcoat of the disks or the
sliders can also add to the shift of the G-peak. This result is
also supported by the increased slope of the photolumi-
nescence background if one compares the spectra of the
sliders (Fig. 12) with the spectra of the disks (Fig. 11) [9].
The Raman spectra in Figs. 11 and 12 show differences
in the amorphitization stage between the amorphous carbon
films on the disks and the tetrahedral amorphous carbon
films on the sliders [4]. However, the difference between
individual disks is small and it is apparent that all disks are
manufactured in a similar way in spite that they were
manufactured by different vendors. The same conclusion
applies for the different sliders investigated.
7 X-Ray Photoelectron Spectroscopy of Hard Disks
X-ray photoelectron spectroscopy (XPS) was used to
determine differences in the material compositions of dif-
ferent hard disks. X-rays were produced by Ka electron
transitions of magnesium with an energy of 1253.6 eV. The
X-rays were focused on the sample in an analytic ultra-high
vacuum chamber. The emitted electrons from the sample
were captured in a half sphere analyzer to determine their
kinetic energy.
Figure 13 shows overview XPS spectra of the same
carbon-coated and lubricated magnetic disks investigated
previously. We have shifted the spectra against each other
for better clarity. Individual peaks as well as Auger
transitions of the magnetic layer (Co 2p, Pt 4f, Cr 2p), the
carbon overcoat (C 1s) and the lubricant (F 1s, C 1s, O 1s)
are visible. From Fig. 13 one can see that the composition
of all disks is very similar as observed earlier. In addition,
the N 1s peak indicates that the overcoat on all disks is a
nitrogenated carbon film. From the spectrum overview we
also observe that the magnetic layer for the disk sample
consists of a Co–Pt–Cr alloy.
Figure 14 shows the high-resolution C 1s spectrum of
carbon on the carbon-coated and lubricated magnetic disks.
Using the high-resolution spectra of the individual peaks
(in our case the C 1s peak), we can detect a small peak
shift. This shift gives information about the bonding state
of the atoms which can be used to gather information about
the carbon composition, film thickness, and even disk
corrosion. From the disks studied, we observe that any
differences, if they exist, are very small, i.e., it is likely that
the disks were all manufactured in a similar way.
8 Discussion and Summary
Nano-indentation and nano-scratch measurements were
performed to characterize the tribological properties of
carbon-coated sliders and disks manufactured by various
vendors. It was found that the materials and tribological
properties of the various disks were comparable. The same
result was observed for the properties of the carbon over-
coats on various sliders. The hardness of the carbon-coated
sliders was higher compared to the hardness of the carbon-
coated disks. The latter is a consequence of the fact that a
harder substrate is used for sliders than for disks. The
increase in the friction coefficient on disk and slider
































































Fig. 13 XPS survey spectrum of a carbon-coated magnetic disk






























binding energy: 284.9 eV
Fig. 14 High-resolution scan of the C 1s peak for the different disks
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samples seems to be related to plastic deformation, fatigue
and debris formation during the scratch tests.
Nano-indentations measurements in the presence of
ultrasonic excitation indicate discontinuities during the
load-cycle. This phenomenon appears at a displacement
depth on the order of the carbon overcoat thickness and can
possibly be used as a film thickness measurement
technique.
Raman spectroscopy showed that only slight differences
exist in the characteristics of the amorphous carbon over-
coats for the disks investigated. The same result was also
found using X-ray photoelectron spectroscopy. Somewhat
larger differences were observed in the characteristics of
the carbon films of the various sliders investigated, pre-
sumably related to slight differences in the tetrahedral
amorphous carbon structure in the overcoat of the various
sliders.
The results suggest that the manufacturing processes
used by different vendors for sliders and disks are very
similar.
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